Background In stroke and multiple sclerosis patients, gait is frequently hampered by a reduced ability to push-off with the ankle caused by weakness of the plantar-flexor muscles.
THE EFFECT OF ANKLE FOOT ORTHOSIS STIFFNESS ON THE ENERGY COST OF WALKING

Introduction 1
In stroke and multiple sclerosis patients gait is frequently hampered by a reduced ability to 2 push-off with the ankle caused by weakness of the plantar-flexor muscles (Nadeau et al., 3 1999) . A common strategy to compensate for this reduced ability to push-off is to deliver 4 work around the hip joint . However, both physical 5 experiments and modeling studies Ruina et al., 2005) 6 indicate this is mechanically inefficient, because work delivered at the hip fails to reduce the 7 energy lost at foot strike . Parallel to a reduced ankle push-off, elevated energy 8 costs of walking are observed in patients with stroke and multiple 9 sclerosis (Olgiati et al., 1988) . These elevated energy cost might be explained by this 10 mechanical inefficiency. 11
To enhance ankle push-off and to decrease the high energy cost of walking, carbon composite 12
Ankle Foot Orthoses (AFO) can be prescribed in patients with weakness of the plantar-flexor 13 muscles . This type of AFO 14 functions like a spring; it stores energy starting from mid-stance and returns energy at the end 15 of the stance phase . It is 16 expected that with more energy stored and released by the AFO, more functional benefit for 17 the patient can be obtained . 18
This benefit could be expressed as a decrease in energy cost of walking (Brehm et al., 19 2008; . As the rotational stiffness around the ankle is varied, this may 20 affect energy storage, push-off enhancement, and energy cost for the patient. However, the 21 influence of AFO stiffness on energy cost, or the influence of other factors such as walking 22 speed, has not been investigated. 23
In clinical practice, it is inconvenient to find the optimal AFO by testing a broad range of 24
AFOs with different stiffnesses in each patient. Therefore, simulation models may be a useful 25 alternative to explore the influence of AFO stiffness on the energy cost of walking. Complex 26 simulation models with detailed representations of the leg muscles have been used 27 successfully to study pathological and non-28 pathological gait . This type of model has also been used to predict 29 neuromuscular adaptations that might be expected while using an AFO (Crabtree & 30 Higginson, 2009 ). Another approach is to use simple models, which are composed of coupled 31 inverted pendulums, that are powered by simple means such as gravity, springs, or constant 32 torques . By their simplicity, these models are suited to 33
give insight in the basic mechanics of gait. These models have also been used successfully to 34 obtain conceptual insights in pathological ( and non-pathological 35 gait (Donelan et al., 2002b; . For example, models composed of coupled 36 inverted pendulums have been used to study the effects of impulsive ankle push-off on the 37 efficiency of gait , which led to the finding that the most 38 efficient gait is achieved with impulsive ankle push-off just before contralateral heel strike. 39
In this study, we aim to gain insights in the conceptual mechanisms via which an AFO may 40 for cyclic walking motions in which the state of the model at the initiation of a step was 102 identical to the state after one complete step. A first-order gradient-search method was used to 103 find cyclic walking motions, at which none of the orientations and velocities of the 7 104 segments changed more than 10e -5 over consecutive steps. We searched for cyclic walking 105 motions for a broad range of AFO stiffnesses. To enable comparisons between different AFO 106 stiffnesses, walking speed and step length were kept constant by adapting the magnitude of 107 the hip flexion and extension torques. A higher-level first-order gradient search was used to 108 find hip torques that resulted in the desired combination of speed and step length at each AFO 109 stiffness. We enforced speeds and step lengths that followed a form similar to the relationship 110 observed in humans . To study the effect of walking speed, simulations 111 over the range of AFO stiffnesses were performed at seven fixed walking speeds for which 112 the model displayed cyclic walking behaviour, ranging from 0.50 to 0.80 m s -1 with step 113 frequency ranging from 0.82 step s -1 to 1.08 step s -1 . 114
Model Outcome Measures 115
For each simulated AFO stiffness, we calculated the amount of energy stored in the AFO and 116 the energy cost of walking. Furthermore, we calculate the ankle power by multiplying the 117 ankle angular velocity and the moment exerted by the AFO. To calculate the energy cost of 118 walking, the amount of positive work done by the two constant hip torques was summed. 119
Subsequently, the amount of work per step was divided by the step length and mass of the 120 model, giving energy cost of walking in J m -1 kg -1 . The amount of energy stored and returned 121 by the AFO throughout the gait cycle was calculated as the integral of the moment exerted by 122 the AFO onto the ankle over the ankle displacement. From this time series, the maximum 123 amount of energy stored in the AFO, and the amount of preemptive push-off were obtained. 124
The amount of preemptive push-off, was defined as the amount of energy returned by the 125 AFO before foot-flat (heel and toe in contact with the floor) of the contralateral leg. 126
Results 127
General model behavior 128
The model was able to walk for all imposed walking speeds ranging from .50 to .80 m s -1 . 129
The model produced kinematics and kinetics ( The aim of this simulation study was to determine the effect of variations in AFO stiffness on 174 AFO energy storage and return and the energy cost of walking at various walking speeds. In 175 the forward-dynamic simulation model, we found an AFO stiffness that minimized the energy 176 cost of walking. This optimal AFO stiffness did not coincide with the AFO stiffness at which 177 the most energy was stored in the AFO, and was only slightly affected by walking speed. 178
The most efficient gait was found at the AFO stiffness where the AFO energy return 179 redirected center of mass velocity upwards the most prior to contralateral foot strike. From 180 previous studies it is known that the center of mass velocity before contralateral foot strike 181 determines the amount of energy that is lost in the step-to-step transition Ruina et 182 al., 2005) . In our model the most efficient gait (i.e. with the least energy losses) was achieved 183 with highest ankle plantar-flexion velocity just before contralateral foot strike, a kinematic 184 indication that the center of mass velocity was most redirected upwards. Based on clinical 185 practice, we expected that the most efficient gait would occur at the stiffness where most 186 energy is stored and returned by the AFO. Yet in our model this stiffness was too low; it 187 resulted in sub-optimal efficiency because the energy was not returned before contralateral 188 foot strike and therefore not used to reduce the energy lost in the step-to-step transition. The 189 stiffness where the most energy was returned before contralateral foot strike was too high; it 190 resulted in a suboptimal energy cost because the redirection of the center of mass velocity by 191 push-off was subsequently counteracted by gravity. As can be seen in Figure 4 , the negative 192 impulse of the net vertical force acting on the center of mass results in a higher downwards 193 velocity, which causes increased energy losses at contralateral foot strike. This refines 194 predictions that the most efficient gait is likely to be achieved 195 with the most work before contralateral foot strike, and comports with the observation that the 196 impulse of gravity significantly contributes to center of mass velocity changes during step-to-197 step transitions (Yeom & Park, 2010). 198 Our model produced walking behavior resembling human gait. The walking speeds produced 199 by the model were similar to those observed for stroke and multiple sclerosis patients (Perry 200 et al., 1995) . These speeds are slower than average, non-pathological gait , 201 consistent with the absence of active ankle push-off McNealy & Gard, 202 2008) . The kinematics and kinetics produced by the model were within the range of motion of 203 observed during human gait (Figure 2) . The ankle showed more plantar flexion in stance, 204 which may have originated from the absence of an ankle moment at this part of the gait phase. 205
The hip joint moment was input to the model, and did consequently follow a different pattern 206 than the human reference (Kirtley, 2006) . Nonetheless, values were in the range of human 207 walking (Kirtley, 2006) . Moreover, similar hip extension moments throughout the stance 208 phase have been observed in amputees wearing spring-like prosthesis (Winter & Sienko, 209 1988) . The ground reaction force produced by our model did not follow the characteristic M-210 wave (Figure 3 ), which appears to be a direct consequence of the absence of a compliant knee 211 in our model during stance (Geyer et al., 2006) . 212
The energy cost of walking observed in our study was substantially lower than metabolic 213 energy cost measured in healthy and pathological populations (Brehm et al., 2006) . However, 214 in our model work was delivered with at the hip only, in order to overcome the energy lost in 215 the step-to-step transition. Therefore, the energy cost our study should be compared to the 216 amount of negative external work during the step-to-step transition in human gait (Donelan et 217 al., 2002a) . For this mechanical energy cost of walking, values comparable to our study (0.20 218 to 0.40 J kg -1 m -1 ) have been reported, with great correspondence to metabolic energy cost 219 (Donelan et al., 2002b) . 220
Our findings indicate that it is not only the amount of energy returned by the AFO, but also 221 the timing of energy return by the AFO that determines the energy cost of walking. When the 222 AFO is too compliant, energy cannot be used to reduce collision losses-push-off timing is 223 too late. When the AFO is too stiff, push-off occurs too early, and the effects of push-off are 224 diminished by the subsequent influence of gravity. The importance off push-off timing has 225 also been noted in the clinical population. For example Brehm et al. (Brehm et al., 2008) 226 reported that the timing of the peak push-off power in the ankle is an essential factor in the 227 benefit of AFOs in Cerebral Palsy gait. In addition, it has been suggested that the AFO neutral 228 angle (i.e. AFO alignment) is of influence on ankle kinetics , and 229 thereby on push-off timing. In our study we kept the AFO neutral angle constant, however it 230 may be useful to study the role of the AFO neutral angle in the future. 231
In this study, we used a simple model of human walking that conceptually represents the 232 complex human musculoskeletal system during gait. The use of this simple model allowed us 233 to gain generic insights in how an AFO may affect pathological gait. The assumptions made 234 by the choice of this model should be considered when interpreting our findings. The AFO 235 stiffnesses applied in the model ranged from 10 to 55 N m rad -1 , with an optimal AFO 236 stiffness of approximately 41 N m rad -1 (8.7 10 -3 N m deg -1 kg -1 ). This stiffness is lower than 237 the average AFO stiffnesses reported in literature Stanhope et al., 238 2007) , which might be a result of the simple model we used. Moreover, we chose not to 239 consider higher stiffnesses because these led to oscillatory ankle motions in our model. We 240 modeled the ankle as a frictionless hinge joint, and the AFO as a passive linear spring. In 241 order to translate our results to clinical practice, one must therefore assume the human ankle 242 joint to have no stiffness or damping, which is adequate in the case of paralysis but not in 243 presence of spasticity or contractures. Furthermore, we modeled the AFO bilaterally, whereas 244 various pathologies require the AFO to be worn unilaterally. How the contralateral leg 245 compensates for a reduced push-off while walking with a unilateral AFO could be 246 investigated in future (modeling) studies, together with alternative strategies to compensate 247 for a reduced ankle push-off. 248
Another simplification in our model is the role of the knee during energy return of the AFO. 249
In our model, the energy of the AFO was returned with the knee in full extension. As a result, 250 the energy returned by the AFO did not contribute to the swing leg as in normal gait 251 . With the introduction of an active knee joint, the cost of swinging the 252 leg might therefore be lower at the hip. Adding a knee flexion torque to the model would have 253 resulted in a substantial increase in complexity. However, it may be worth looking into the 254 role of the knee torque and the contribution of the ankle push-off to leg swing in future 255 studies. 256
Our findings emphasize the need to search for the optimal AFO stiffness for each patient in 257 clinical practice, and suggest that a substantial improvement in the energy cost of walking 258 may be achieved with the correct stiffness. Our findings contradict the intuitive idea that 259 storing more energy in the AFO results in more efficient gait, and indicate that the timing of 260 energy return by the AFO is an important factor that determines the energy cost of walking. 261
The ankle plantar-flexor velocity may give a good indication of the adequacy of this timing. 262
To test this in patients, future studies should not only focus on the effects of a typical type of 263 AFO in a group of patients, but focus also on the influence of differences in AFO properties 264 within individual patients. 
